ABSTRACT Molecular genetic relationships among 10 species of Dendroctonus bark beetles were assessed using electrophoretic data from 18 gene loci. Cluster and distance Wagner analysis of these data showed a high level of similarity between D. pseudotsugae Hopkins and D. simplex LeConte, D. valens LeConte and D. terebrans (Olivier) Dendroctonus Erichson (1836) is a widely distributed bark beetle genus infesting coniferous trees (family Pinaceae) throughout North America and in parts of Europe and Asia. In his monograph on the genus, Hopkins (1909) listed 24 species, including 12 that he described. Dendroctonus species classification was originally based on variations in anatomical, biological, and behavioral characteristics. As additional criteria and more populations were incorporated into systematic schemes for identifying bark beetles, some of Hopkins's 24 species were shown to be host races or geographic variants of single species and were subsequently synonymized (Wood 1963) . The most recent revision of Dendroctonus (Wood 1982) includes 19 species, 17 restricted to North and Central America, and two Paleoarctic species, D. micans and D. armandi (Table 1) .
Dendroctonus
Erichson (1836) is a widely distributed bark beetle genus infesting coniferous trees (family Pinaceae) throughout North America and in parts of Europe and Asia. In his monograph on the genus, Hopkins (1909) listed 24 species, including 12 that he described. Dendroctonus species classification was originally based on variations in anatomical, biological, and behavioral characteristics. As additional criteria and more populations were incorporated into systematic schemes for identifying bark beetles, some of Hopkins's 24 species were shown to be host races or geographic variants of single species and were subsequently synonymized (Wood 1963) . The most recent revision of Dendroctonus (Wood 1982) includes 19 species, 17 restricted to North and Central America, and two Paleoarctic species, D. micans and D. armandi (Table 1) .
Anatomical characters used in classifying Dendroctonus species include beetle size and color, and features of the head, pronotum, elytra, and male genitalia (Wood 1963 (Wood , 1982 . Biology, behavior, and host species are also important taxonomic characters. Wood (1963) used such characters to place Dendroctonus species into groups of closely allied species (Table 2) . For example, frontal grooves and tubercles of the frons (more prominent in males) are present only in the group composed of D. brevicomis, D. frontalis, D. mexicanus, D. vitei, and D. approximatus . Behavioral characters such as form of egg galleries, position and arrangement of egg niches, aspects of larval mines and feeding, and pupation were also considered in grouping Dendroctonus species. D. valens and D. terebrans larvae, for example, feed communally, whereas D. pseudotsugae and D. simplex larvae construct individual mines seldom crossing each other. For this as well as other reasons, D. valens and D. terebrans are grouped together, as are D. pseudotsugae and D. simplex. Thomas (1965) concurred with Wood's species groups on the basis of larval and pupal anatomy. Lanier (1981) was able to differentiate among karyotopes of all 14 Dendroctonus species he studied. Using chromosomal, morphological, and ecological evidence, Lanier suggested groupings that were very similar to those of Wood ( Table 2) Wood (1963) used certain anatomical and biological characters to rank the Dendroctonus species groups in an order of increasing specialization, relative to other Scolytidae. For example, increased body size, elaborations of the epistomal process, a five-segmented antennal funicle, and absence of a broad impression on the frons of the male appear to be specializations in Dendroctonus. Characters similar to those of the beetle, Hylurgus, which is believed to closely resemble the hypothetical ancestor of the genus, include the frons, prothorax, elytral declivity, and the absence of conspicuous anatomical differences between the male and female. Other characteristics, such as patterns of egg deposition and larval mining, were also used to distinguish between primitive and more specialized species. Lanier (1981) of the chromosome number, in addition to behavior and ecology, were the basis of his phylogenetic ordering of the species groups.
Although Wood (1963) and Lanier (1981) placed the Dendroctonus species into nearly identical species groups, their postulated order of specialization for these groups differed. In fact, the two postulated phylogenies-one based largely on anatomy, the other on cytogenetics-are nearly opposite ( (Anderson et al. 1979 , 1983 , Namkoong et al. 1979 , Stock et al. 1979 , Stock & Amman 1980 , Sturgeon 1980 , Florence et al. 1982 , Higby & Stock 1982 . The emphasis in most of these studies was on elucidating intraspecific relationships. Only two of the studies included species comparisons-D. ponderosae and D. jeffreyi (Higby & Stock 1982) , and D. frontalis and D. brevicomis (Namkoong et al. 1979 )-although mating tests have also been done between D. pseudotsugae and D. simplex (Furniss 1976 ) and the D. ponderosae complex (Lanier & Wood 1968) .
Electrophoresis thus could provide additional criteria which, when integrated with existing knowledge of the anatomy, cytogenetics, and behavior of Dendroctonus species, might provide further insight into Dendroctonus evolution and speciation. Reported here is a molecular interpretation of phylogeny, based on electrophoretic data, of the five species groups proposed by Wood (1963) and Lanier (1981) .
Methods
Twenty-two populations, representing 10 Dendroctonus species and all of the species groups recognized by Wood (1963) and Lanier (1981) , were obtained for this study (Tables 2 and 3) . Alniphagus aspericollis, a member of the tribe Hylesinini (considered more primitive than the closely related tribe Tomicini, which includes Dendroctonus), was also collected to aid in phylogenetic analysis. Species were identified by host tree, gallery pattern, and anatomical characteristics (Furniss & Carolin 1977 , Wood 1982 . A voucher collection containing four representative specimens of each species was deposited in the Entomology Museum at the University of Idaho.
Techniques and recipes used for starch gel electrophoresis of Dendroctonus enzyme systems were those described by Namkoong et al. (1979) , May (1980) , Sturgeon (1980) , Florence & Kulhavy (1981) , and Higby & Stock (1982) . Gels were made from a 13% solution of hydrolyzed potato starch (a 50:50 mixture of Electrostarch lot no. 392 and Sigma Starch stock no. S-4501) and the appropriate gel buffer. From an initial screening of 25 enzyme systems, 13 enzyme assays (18 gene loci) that produced consistently interpretable banding patterns in all 10 species were selected for routine testing. D. ponderosae was used as a standard for each assay because electrophoretic variation in this species is best documented in the literature. Electrophoretic data were analyzed using BIO-SYS-1, a computer program developed at the University of Illinois at Urbana for analysis of allelic variation (Swofford & Selander 1981) . Allele frequencies were calculated for all groups. Several genetic variability indices-including Nei's (1978) genetic identity (I) and genetic distance (D), and Cavalli-Sforza & Edwards's (1967) chord distance-were calculated from these frequencies. The latter two measures are based on a genetic model and estimate the mean number of electrophoretically detectable mutations (amino acid substitutions) per locus since the populations diverged from a common ancestor.
To compare amounts of genetic variation within and among species, percent polymorphism and average heterozygosity were calculated. When the frequency of the most common allele was <0.99 in at least one population, a locus was considered polymorphic (Nei 1975) . Average heterozygosity, the average frequency of heterozygous individuals per locus, was calculated using the unbiased estimate based on conditional expectations (Leven 1949 , Nei 1978 .
Hierarchical cluster analysis of the electrophoretic data was done using the weighted pair-group method with arithmetic averaging (WPGMA). Results of this procedure reflect overall phenetic similarity among groups. Relationships among the species were also estimated using the distance Wagner procedure (Farris 1972) , which produces a tree from the chord distance matrix values. This technique produces a branching network of ancestor/descendant relationships. Branch length is proportional to the amount of evolutionary change estimated to have occurred since the entities diverged. The distance Wagner tree, derived from electrophoretic data on the 10 Dendroctonus species and the more primitive scolytid species A. aspericollis, was rooted by the outgroup method (Farris 1972 , Hennig 1966 .
Results
Of the 18 enzyme-producing gene loci studied (Table 4) , three (EST1, IDH2, and LAP1) were monomorphic for the same allele in all species; SOD was also monomorphic in all of the species studied, except in D. frontalis and D. terebrans, where it was fixed for a unique allele. Seven loci (AAT, ACP, CK, EST2, LAP2, PEP-la, and PGI) were polymorphic in all Dendroctonus species. The remaining seven loci were monomorphic in at least one species.
The esterase enzyme system was the most variable in Dendroctonus, as in other insect groups. In all species combined, seven esterase loci (four anodal and three cathodal) were seen. The esterase Vol. 79, no. 3 Table 4 . Allele frequencies at 18 gene loci, percent polymorphism (P), and average heterozygosity (H), in 10 Dendroctonus species and one related genus Table 4 . Continued species (D. ponderosae, D. brevicomis, D. pseudotsugae, D. rufipennis, D. simplex, and D. valens) . When populations were treated as separate groups and subjected to WPGMA cluster analysis, all populations within a species clustered together and below a genetic distance of 0.20 (Fig. 1) . Intraspecific similarity was greatest in D. simplex and lowest in D. rufipennis.
Percent polymorphism ranged from 50% in D. ponderosae to 72% in D. adjunctus and D. pseudotsugae (Table 4) . Over all species, the genus is polymorphic at an average of 64% of the loci. Average heterozygosity ranged from 0.156 in D. ponderosae to 0.247 in D. terebrans. Average heterozygosity over all Dendroctonus species was 0.213. A. aspericollis was considerably less heterozygous (H = 0.044) than any Dendroctonus species.
In pair-by-pair comparisons of genetic distance values, D. adjunctus and D. approximatus were most similar (D = 0.004), and D. valens and D. frontalis were least similar (D = 1.497) ( Table 5 ). Average genetic identity over the entire genus was 0.568. In contrast, average genetic identity between Dendroctonus species and A. aspericollis was 0.186.
Discrete clusters of species (species groups) could be identified based on electrophoretic similarity (Fig. 1) Fig. 2 ), rather than phenetic similarity (WPGMA, Fig. 1 Table 3 for meaning of abbreviations. Wood's (1963) contention that D. adjunctus and D. approximatus are among the least specialized species within the genus, and that D. simplex and D. pseudotsugae are among the most specialized, as well as Lanier's (1981) suggestion that D. rufipennis is one of the most primitive Dendroctonus species, and D. frontalis one of the most advanced.
